Parkinson's disease (PD) is the second most common neurodegenerative disease, next to Alzheimer's disease, affecting at least one percent of population over the age of 70[@b1]. It is the most common movement disorder with cardinal signs of tremor, rigidity, akinesia, and problems with balance in humans[@b2]. PD is pathologically characterized by the progressive and extensive loss of dopaminergic neurons in substantia nigra pars compacta (SNpc), causing deficit of the neurotransmitter dopamine in the brain, which is essential for coordinated and controlled body movements[@b3][@b4]. Although it has been generally accepted that PD is a multifactorial disease, several studies have converged to mitochondrial dysfunction, which leads to the depletion of energy productions (adenosine 5′-triphosphate, ATP) in neurons due to inhibition of oxidative phosphorylation, as one of the fundamental causes of Parkinsonism[@b5]. In PD patients, complex I of the mitochondrial electron transport chain has been found to be defective, impairing the overall cellular respiration process, and eventually altering the cellular metabolism in affected neurons[@b6][@b7].

The biochemical and molecular mechanisms involved in the dopaminergic neuronal cell death in PD remain elusive. Several neurotoxin based models have been developed over the last one and half decades to induce Parkinsonism in animal and cell models to elucidate the cause of PD[@b8][@b9]. Among them, the neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)[@b10], has been widely used. MPTP is in itself not cytotoxic; however, the enzyme monoamine oxidase B (MOAB) metabolizes MPTP to 1-methyl-4-phenylpyridinium (MPP^+^) after it crosses the blood-brain barrier[@b10]. Selective uptake of MPP^+^ by the dopaminergic neurons and further accumulation in mitochondria of the neurons in SNpc, causes damage to the complex I of the electron transport chain, and thereby affecting the cellular respiration[@b10][@b11].

In cellular respiratory process, the autofluorescent intracellular coenzymes, reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD), are the principal electron donor and acceptor in the electron transport chain[@b12][@b13]. Complex I serves as the substrate for NADH and complex II for FAD[@b14][@b15]. The ATP production in the mitochondria is accomplished through the transport of electrons to molecular oxygen through several complex enzymes- I, II, III, IV in the transport chain by the oxidation of NADH (to NAD^+^) and of the reduced flavin adenine dinucleotide (FADH~2~) to FAD, in complexes I and II, respectively[@b16].

Although NADH and FAD exist both in oxidized and reduced forms in the cell, only the reduced NAD^+^ (i.e. NADH) and oxidized FADH~2~ (i.e. FAD) are fluorescent[@b17]. In 1962, Chance *et al.* demonstrated the possibility of utilizing the fluorescence properties of NADH to interpret the cellular metabolic state in terms of the relative amount of oxidized and reduced form of NADH[@b18]. Following this pioneering work, several studies to monitor cellular metabolic state in different diseases have been reported[@b19][@b20]. However, the application of this rather promising technique has remained relatively unexplored in the understanding of neurodegenerative diseases.

Till date, considerable advancement has been achieved in quantifying the autofluorescence of NADH and FAD through optical spectral and time-resolved methods. These methods have more advantages compared to chemical methods, wherein the cells are lysed to obtain the concentrations of redox couples such as pyruvates and lactates[@b21]. Thus, optical methods provide a way to study the cellular metabolic state in live cell and animal models in real time noninvasively, and thereby enabling the assessment of the levels of oxidative phosphorylation and glycolysis[@b22]. In fluorescence spectral based methods, fluorescence intensity can be measured to quantify the NADH/NAD^+^ and FADH~2~/FAD ratios[@b23][@b24]; such an approach, however, may contain artifacts due to the inhomogeneous concentrations of NADH and FAD in cells, and also to different quantum yields depending on free or protein-bound state of NADH (and FAD). All these shortcomings can be overcome by using the time-resolved fluorescence measurement techniques such as fluorescence lifetime imaging microscopy (FLIM)[@b25][@b26].

Fluorescence lifetime can be defined as the average time the fluorophore remains in the excited state before descending to the ground state[@b27][@b28]. Fluorescence lifetime is an inherent and intrinsic property of a fluorophore, which is independent of the concentration of the fluorophore, as well as the quantum yield[@b26]. Besides, it is also rather insensitive to the excitation source intensity fluctuation, absorption and scattering. However, fluorescence lifetime is highly environment sensitive[@b29]. Thus, it can provide, in different cellular microenvironments, a contrast which is otherwise impossible to monitor by spectral measurements. This property of fluorescence lifetime was exploited in this study to differentiate and quantify the amounts of free and protein-bound NADH and FAD. The free NADH and protein-bound FAD have shorter lifetimes while the protein-bound NADH and free FAD have longer lifetimes[@b30][@b31]. The dynamic quenching of the nicotinamide moiety in NADH and flavin moiety in FAD by the adenine moiety yields shorter fluorescence lifetime[@b27][@b32].

In this study, two-photon fluorescence lifetime imaging microscopy (2P-FLIM) was applied for functional mapping of the cellular redox state (NADH/NAD^+^ and FADH~2~/FAD ratios) in MPP^+^ treated neuronal cells, differentiated from PC12 cells, which were derived from the pheochromocytoma of the rat adrenal; this protocol serves as a model system of PD in laboratory conditions. PC12 cells have been widely used as a model system for neuronal based studies[@b33][@b34] including Parkinson's disease[@b35], continuous NGF stimulation induces differentiation of these cells into neuron-like phenotypes[@b36]. The cellular redox state can be quantified in terms of the fluorescence lifetime components values of NADH and FAD, and also the relative contributions of free to protein-bound NADH (and FAD). Two-photon excitation was used for lifetime imaging of NADH and FAD, as it causes less photobleaching and yields higher cell viability[@b37]. Our results indicate a shift in cellular respiration towards anaerobic glycolysis in PD like conditions, resembling hypoxic conditions. This study and the results may serve as a precursor for further elucidating the cellular metabolism in tissue and *in vivo* conditions of PD and eventually as a distinct biomarker for discriminating the diseased cells in PD from the normal cells.

Results
=======

In this study, as mentioned in the "Materials and methods" section, PC12 cells were treated with NGF; a change in cellular morphology from round and/or polygonal shapes in small clusters, before NGF treatment \[[Fig. 1(a)](#f1){ref-type="fig"}\], into neuron-like phenotypes, with branching structures, after NGF treatment \[[Fig. 1(b)](#f1){ref-type="fig"}\] was clearly observed. These differentiated PC12 cells were treated with MPP^+^, which is the active metabolite of MPTP (known to induce PD like conditions in cells as well as in animal models), to establish PD cellular model in this work.

In our experiments, optimization of the image acquisition parameters such as laser power and image acquisition time was established via photobleaching experiments. The results of the photobleaching experiments can be found in the [Supplementary Figure S1](#S1){ref-type="supplementary-material"}.

Representative average NADH fluorescence lifetime images of differentiated PC12 cells are shown in [Fig. 2](#f2){ref-type="fig"} for different concentrations of MPP^+^ treatment. The average lifetime was calculated using equation (2) in "Materials and methods" section. These images were taken with 760 nm excitation; and pseudocolor mapping over same range was utilized to represent the average lifetime distribution. From [Fig. 2(a--f)](#f2){ref-type="fig"}, it can be observed that the MPP^+^ treated cells show lower average lifetime as compared to the control cells; and the difference is clearly discernable, especially for the control cells \[[Fig. 2(a)](#f2){ref-type="fig"}\] vs. the 1000 μM MPP^+^ treated cells \[[Fig. 2(f)](#f2){ref-type="fig"}\].

All the experiments were performed independently for five experimental days, acquiring 15 data points per day. NADH fluorescence lifetime components, including the short (*τ*~1~), the long (*τ*~2~), and the average (*τ*~*avg*~), as well as the ratio of their contributions (*a*~1~/*a*~2~) are tabulated in [Supplementary Table S1](#S1){ref-type="supplementary-material"}. [Figure 3](#f3){ref-type="fig"} shows the averaged values of all the data (75 data points) for each parameter. From control to 1000 μM MPP^+^ treated cells, *τ*~*avg*~ decreased by \~17% \[[Fig. 3(c)](#f3){ref-type="fig"}\], while *a*~1~/*a*~2~ increased by 60% \[[Fig. 3(d)](#f3){ref-type="fig"}\]; *τ*~1~ and *τ*~2~ also decreased by \~17 \[[Fig. 3(a)](#f3){ref-type="fig"}\] and 11% \[[Fig. 3(b)](#f3){ref-type="fig"}\], respectively. One-way analysis of variance (ANOVA) with least square difference (LSD) post-hoc analysis showed statistically significant differences among these values \[[Fig. 3](#f3){ref-type="fig"}\].

[Figure 4](#f4){ref-type="fig"} shows the representative average fluorescence lifetime images of FAD at different concentrations of MPP^+^ treatment of the differentiated PC12 cells. FAD fluorescence was excited at 860 nm and pseudo-color mapping of average life time was used to show its distribution. From [Fig. 4(a--f)](#f4){ref-type="fig"}, one can infer that the average lifetime of FAD also decreased from the control cells to the MPP^+^ treated cells. However, the differences in FAD lifetime distribution among the PD induced cells were much smaller compared with the corresponding results for NADH.

The averaged values of all data points for each parameter of lifetime components analysis of FAD are shown in [Fig. 5](#f5){ref-type="fig"}. The values for each experimental days can be found in [Supplementary Table S2](#S1){ref-type="supplementary-material"}. The short (protein-bound), long (free), and average fluorescence lifetimes of FAD, i.e., (*τ*~1~), (*τ*~2~), and (*τ*~*avg*~), decreased by \~32% \[[Fig. 5(a)](#f5){ref-type="fig"}\], \~10% \[[Fig. 5(b)](#f5){ref-type="fig"}\], and 11% \[[Fig. 5(c)](#f5){ref-type="fig"}\], respectively, from control to 1000 μM MPP^+^ treated cells. The relative contributions of free- to protein-bound FAD (*a*~2~/*a*~1~) also decreased by \~27% \[[Fig. 5(d)](#f5){ref-type="fig"}\], indicating a rise in the protein-bound FAD component. However, among the MPP^+^ treated cells, the differences in their free \[[Fig. 5(a)](#f5){ref-type="fig"}\], protein-bound \[[Fig. 5(b)](#f5){ref-type="fig"}\], average FAD lifetimes \[[Fig. 5(c)](#f5){ref-type="fig"}\] and a~2~/a~1~ \[[Fig. 5(d)](#f5){ref-type="fig"}\] for FAD were statistically insignificant.

Discussion
==========

In this study, functional mapping of intracellular reduction-oxidation states in PD cellular model was accomplished using 2P-FLIM of autofluorescent co-enzymes NADH and FAD. Recently, Plotegher *et al.*[@b38] have reported the effect of alpha synuclein aggregation *in vitro* and in human embryonic kidney 293 cell line (which is not a neuronal cell line) using FLIM technique. However, to investigate PD, it would be more proper to study the effect in dopaminergic neurons or other neuron-like cells. Hence, to the best of our knowledge, ours is the first experimental study to apply FLIM technique to PD cell model to elucidate the reduction-oxidation state in neurodegenerative diseases at the cellular level. Our experimental results show that the average as well as the free and protein-bound fluorescence lifetimes of both NADH and FAD decreased significantly in MPP^+^ treated cells. On the other hand, in the PD induced cells, the relative contribution of free to protein-bound NADH increased while the same ratio decreased for FAD. As NADH and FAD are the major electron carriers in the energy production of cells, these results can be used to characterize quantitatively the time-development of the cellular redox state[@b17]. In this study, the major reduction-oxidation ratios (redox ratios), NADH/NAD^+^ and FADH~2~/FAD, in neuronal cells, derived from PC12 cells, with vs. without MPP^+^ treatment were evaluated in terms of the ratios of free-to-protein-bound NADH (*a*~1~/*a*~2~) and FAD (*a*~2~/*a*~1~). The change in these ratios, which directly reflects the change in cellular metabolic state, may serve as important biomarkers in diagnostic and/or therapeutic applications in PD.

It is of utmost important to develop PD models to mimic its pathological conditions in laboratory environment to study its etiology, and for potential therapeutic applications. MPTP is a PD neurotoxin which has been used to induce PD syndromes in cells and animal models and mostly used to understand the mechanisms involved in PD. In our study, we have treated the neuronal cells, obtained from PC12 cells, with MPP^+^ to mimic the PD conditions and quantified its metabolic state through noninvasive FLIM technique. Our results show that *a*~1~/*a*~2~ increased (for NADH) while *a*~2~/*a*~1~ decreased (for FAD) significantly from the control to the 1000 μM MPP^+^ treated neuronal cells, derived from PC12 cells (p \< 0.001). These results indicate a rise in the relative contributions of free NADH and protein-bound FAD components in PD induced cells. Previous studies have shown that MPP^+^ is a Complex I inhibitor of the electron transport chain, which inhibits the transfer of electrons from electron donors to NADH; as a result, oxidation of NADH is impaired, and the level of free NADH pool is raised subsequently[@b10]. Moreover, MPP^+^ may also partially inhibit the activities of Complex II (succinate dehydrogenase; SDH), which serves as the substrate for FAD[@b39]. Complex II is the only enzyme in the inner mitochondrial membrane which takes part in both citric acid cycle (Krebs cycle) and electron transport chain. It is the second entry point of electrons in the electron transport chain via FADH~2~. Through the oxidation of succinate (which directly binds to the subunit SDHA of complex II) to fumarate, electrons are transported to FAD, incorporated in SDHA, thus reducing it to FADH~2~[@b40][@b41]. Our results also show an increase in protein-bound FAD component which, in this case, can be due to the inhibition of SDHA or SDHB subunit which prohibits the reduction of protein-bound FAD to FADH~2~[@b42]. Thus, an increase in *a*~1~/*a*~2~ (in NADH) along with a decrease in *a*~2~/*a*~1~ (in FAD), jointly reflect a lower metabolic activity in the PD induced cells. Overall, all these previous results are consistent with our results and interpretations.

MPP^+^, like rotenone and potassium cyanide (KCN), is an inhibitor of electron transport chain. Bird *et al.*[@b43] and Schneckenburger *et al.*[@b44] showed that the average fluorescence lifetime of NADH decreased, in MCF10A human breast cells and in BKeZ-7 endothelial cells, upon treatment of KCN and rotenone, respectively. MPP^+^ also exhibited similar effect in our PC12 cells based PD model wherein the free and protein-bound NADH fluorescence lifetime as well as the average fluorescence lifetime decreased significantly from control to 1000 μM MPP^+^ treated cells (P \< 0.001) \[[Fig. 4(c)](#f4){ref-type="fig"}\]. Previous literature also showed that a decrease in fluorescence lifetime, and an increase in the relative contribution of free vs. protein-bound NADH may indicate hypoxic condition in cells[@b44]. Rotenone and KCN inhibit the transfer of electrons from NADH to oxygen, whereas hypoxic conditions lower the level of oxygen that can accept the electrons. We can thus speculate that the decrease in fluorescence lifetime of NADH can probably be related to the increase in the NADH/NAD^+^ ratio in MPP^+^ treated cells as well. Moreover, the protein-bound NADH fluorescence lifetime can either increase or decrease depending on its binding sites[@b45][@b46]. In our study, the decrease in the protein-bound NADH fluorescence lifetime can also be attributed to the change in its binding site in complex I[@b47], where dynamic quenching of the nicotinamide moiety by adenine moiety might be the cause of free NADH lifetime decrease in the MPP^+^ treated cells, indicating that the cells were in hypoxic conditions[@b32][@b43][@b44]. These mechanisms also reflect the possibility of a shift in cellular ATP production from oxidative phosphorylation to anaerobic glycolysis. Hence, it can be stated that in our cellular PD model the energy production is principally regulated through anaerobic glycolysis. This conclusion is consistent with earlier works wherein it was clearly demonstrated that the inhibition of complex I of electron transport chain by MPP^+^ might lead to ATP production through anaerobic glycolysis[@b48][@b49].

To further validate our conclusion (from the lifetime data analysis) of shifting cellular respiration from oxidative phosphorylation towards anaerobic glycolysis in our PD cellular model, oxygen consumption rate (OCR) assay together with extracellular acidification rate (ECAR) assay were performed following the protocol from Seahorse biosciences (Massachusetts, USA). Oxygen consumption rate is an indicator of mitochondrial respiration, while the extracellular acidification rate indicates the lactic acid formation during glycolytic energy metabolism. In our MPP^+^ treated cells, the OCR decreased significantly (P \< 0.001) from the control cells, while ECAR increased significantly (P \< 0.001) ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). These results further substantiate the shift of cellular respiration from oxidative phosphorylation towards anaerobic glycolysis in MPP^+^ treated cells. Hence, the decrease in *a*~1~/*a*~2~ (in NADH) and increase in *a*~2~/*a*~1~ (in FAD) ratios can indicate the preference of cellular respiration towards anaerobic glycolysis, than oxidative phosphorylation in MPP^+^ treated cells, and in hypoxia.

FAD is one of the most important cofactors of flavins. In our PD model, the range of the free, and protein-bound FAD fluorescence lifetimes along with their average value are consistent with the results (in solutions[@b31] and in eye[@b50]) published in the literatures. The effect of mitochondrial electron chain inhibitors on FAD lifetime has not yet been reported in the literatures. In our PC12 cell based PD model, the protein-bound FAD lifetime decreased while their relative contribution increased \[[Fig. 5](#f5){ref-type="fig"}\]. NAD^+^ level directly affects the protein-bound FAD lifetime, bearing a negative correlation to each other[@b32]. Thus, a decrease in the protein-bound FAD lifetime indicates a higher level of NAD^+^ in PD induced cells relative to the control cells, although the relative contribution of free NADH is much higher compared to NAD^+^ level as is indicated by the ratio (*a*~1~/*a*~2~), i.e., free/protein-bound NADH.

MPP^+^ impairs the oxidative phosphorylation in a dose- and time- dependent manner[@b11]. In this work, we also investigated the dose-dependent effect of MPP^+^ on the fluorescence lifetime of NADH and FAD. Previous studies showed a concentration-dependent effect of MPP^+^ on cellular functionality for concentrations ranging from 10 μM through 1 mM[@b51]. In our study, the MPP^+^ concentration was varied from 50, 100, 250, 500, 1000 μM. Statistically, no significant difference was observed in free, protein-bound, and average NADH lifetimes among 50, 100, and 250 μM MPP^+^ treated cells \[[Fig. 3(a--c)](#f3){ref-type="fig"}\]. Likewise, no significant difference was observed in the relative contributions of free to protein-bound NADH among 50, 100 and 250 μM MPP^+^ treated cells \[[Fig. 3(d)](#f3){ref-type="fig"}\]. The reasons for this concentration-independence of NADH lifetime components remain elusive. However, it can be speculated that in this concentration range the NADH/NAD^+^ ratio was not affected significantly. Moreover, the relative contribution of FAD fluorescence lifetime as well as its average lifetime did not vary significantly with change in MPP^+^ concentrations. This can be attributed to the concentration-independence of NADH lifetimes as FAD is always in dynamic equilibrium with the mitochondrial NADH/NAD^+^ pool[@b51].

In this study, the fluorescence lifetime analysis was done by taking into account all the pixels in the cytoplasm (including mitochondria) of a cell or, a group of cells; as the fluorescence signal of NADH in cytoplasm is much less compared to that in the mitochondria[@b52][@b53] which is also evident in our case, (see [Supplementary Fig. S5](#S1){ref-type="supplementary-material"}) and the primary location of FAD is in mitochondria, the contribution from the cytoplasm can be assumed to be negligible. Previous studies also demonstrated that the fluorescence lifetime calculated by averaging over a few pixels in cytoplasm did not differ significantly with the corresponding value obtained by averaging over all the pixels in the cytoplasm[@b43][@b54]. Thus, our approach of calculating the fluorescence lifetime is adequate to provide values which are reliable and consistent.

We have thus demonstrated experimentally the possibility of utilizing time-resolved two-photon fluorescence lifetime imaging to monitor the NADH and FAD autofluorescence lifetimes for potential identification and disease progression assessment of PD. This approach can be further extended to the study of PD in tissue model and *in vivo* in animal model, with the potential for early detection of PD without the necessity of any exogenous dyes.

Conclusion
==========

We report the measurement of NADH and FAD fluorescence lifetime components as well as their contribution in PC12 cells differentiated into neuronal phenotype, and subsequently treated with MPP^+^, to serve as a cell model system for PD studies. MPP^+^ induced reduction-oxidation changes correlate highly with the observed changes in *a*~1~/*a*~2~ (for NADH); and *a*~2~/*a*~1~ (for FAD) as well as their respective lifetimes. Since the main effects of MPP^+^, in selectively antagonizing the dopaminergic neurons through blocking of electron transport chain, not only in cellular model, but also in animal models as well in humans, our approach may pave a way to further shed light on the molecular mechanisms of PD pathogenesis. Successful mapping of intracellular redox state in PD cellular model through time-resolved technique can potentially serve as a forerunner for the assessment of different stages of PD progression *in vitro* as well as *in vivo* and also in developing new diagnostic tools.

Materials and Methods
=====================

Cell culture
------------

PC 12 cells were grown in RPMI medium 1640 (Gibco, Life technologies, Massachusetts, USA) supplemented with 10% horse serum, 5% fetal bovine serum and cultured in a water-saturated atmosphere at 37 °C and 5% CO~2~. To induce differentiation, cells were plated onto 50 μg/ml laminin/0.1 mg/ml poly-l-lysine (Sigma-Aldrich, St. Louis, USA) coated glass bottom 35 mm cell culture dishes and treated with 200 ng/ml nerve growth factor-7S (NGF-7S, derived from murine submaxillary gland) (Sigma-Aldrich, St. Louis, USA) for three days. Following this, cells were treated with different concentrations (0, 50, 100, 250, 500, and 1000 μM) of MPP^+^ iodide (Sigma-Aldrich, St. Louis, USA). These cells, with and without MPP^+^ treatment, were used for NADH and FAD autofluorescence imaging by FLIM. The microscope stage is equipped with temperature control to maintain the cells at 37 °C; besides, cells were transferred to loading buffer (with 2.2 mM CaCl~2~.H~2~O, 150 mM NaCl, 5 mM KCl, MgCl~2~.H~2~O, HEPES 10 mM, 5 mM glucose, pH 7.4, Osm300) to maintain the physiological conditions during image acquisition.

2P-FLIM instrumentation
-----------------------

A mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics, USA), capable of producing picosecond laser pulses with repetition rate of 82 MHz in the spectral range from 740 to 920 nm, pumped by a 5 W solid-state frequency-doubled 532 nm Millennia Vs (Spectra-Physics, USA) laser, was used as the two-photon fluorescence excitation source for the lifetime imaging of NADH and FAD ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). All the experiments were performed on an inverted Olympus microscope IX 71 (Olympus, Japan), equipped with a 2D galvanometer scanning unit (Einst Technology Pte Ltd, Singapore) for the two dimensional scanning of our samples. The laser beam was focused on the sample with a 60x, 1.20 numerical aperture (NA) plan apochromatic water immersion objective (UPlanSApo, Olympus, Japan). An average laser power of \~4 to 5 mW (after the objective) was used for fluorescence excitation to avoid photo-damage to the cells as well as photobleaching of NADH and FAD ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). Several studies have showed that the two-photon excitation wavelength range of 720--760 nm is good enough to selectively excite NADH, while the same for FAD is above 800 nm with a broad peak around 900 nm[@b51][@b55][@b56]. In this work, for two-photon excitation of NADH and FAD, the central wavelength of the laser was set at 760 and 860 nm respectively. All the emission signals were collected in a de-scanned mode of the microscope and detected by a photomultiplier tube (PicoQuant Gmbh, Berlin, Germany). Following the spectral characteristics of the autofluorescence molecules, band-pass filters, 447/60 and 525/50 nm from Semrock (New York, USA), were used for the detection of NADH and FAD fluorescence emission signals, respectively. A short-pass infrared cutoff filter was further used in the detection path to block the back-scattering of the excitation light. All the images were collected with 256 × 256 pixels resolution and each image was collected for \~800 seconds to accumulate sufficient number of photons for data analysis.

In our experimental set up, the fluorescence lifetime was measured through time-domain technique viz. time-correlated single photon counting (TCSPC). Here, the time difference between the excitation and corresponding emitted photon was recorded via high-speed electronics. The fluorescence emission signal and a reference signal (laser excitation pulse) from a photodiode (TDA 200, PicoQuant GmbH, Berlin, Germany) were coupled to the electronic board of TCSPC, PicoHarp 300 (PicoQuant GmbH, Berlin, Germany). The electronics functions in a reverse START-STOP mode to record the photon arrival times where the START signal was generated via the detector PMT by the emission photons, and the STOP signal was from TDA 200. To enable fully a time-resolved analysis of the NADH and FAD autofluorescence signals, the PicoHarp was always operated in time-tagged time-resolved (TTTR) mode.

2P-FLIM data analysis
---------------------

The FLIM data obtained as described above was analyzed by a commercially available software package SymPho Time, Version 5.2.4.0 (PicoQuant GmbH, Berlin, Germany). A lifetime measurement, from a decay curve and thereby extracting physically meaningful informations, involves the curve-fitting of a decay model function to the experimental data. Here, the model function was first convolved with an experimental instrument response function (IRF), before it was curve-fitted with the experimental data. However, due to the presence of background noise from the dark counts of detector, and/or a temporal shift between IRF and decay (originated from the wavelength dependence of photon counting units), a non-linear least-square fitting (assuming Poisson noise of data) was used *in lieu of* direct fitting approach. The goodness of fit was accepted as long as the chi square value remains \~1 and the residues showed random pattern; which eventually paved the way for unbiased data analysis ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). In this study, the IRF was estimated from the second harmonic generation (SHG) signal of a thin urea film and was calculated to be 0.181 ns. The double exponential model function, used for fitting to quantify the lifetime components of NADH and FAD, is as follows,

where, the parameters *τ*~1~ and *τ*~2~ represent the short and long lifetime components of NADH, while the coefficients *a*~1~ and *a*~2~ represent the fractional relative amplitudes, or contributions of these two different lifetime components, respectively. Similar interpretation was also assigned for FAD wherein *τ*~1~ and *τ*~2~ denoted the long and short lifetime components and the respective coefficients provided their amplitudes level. The ratios *a*~1~/*a*~2~ (for NADH) and *a*~2~/*a*~1~ (for FAD) were used to compare the relative contributions of the free and bound forms of these autofluorescent coenzymes[@b57]. The average fluorescence lifetime was defined as follows,

The double exponential model function was adequate to fit the lifetime decay curves of both NADH and FAD, as several studies have already showed the existence of two distinct lifetime components of these endogenous fluorophores[@b30][@b31][@b44][@b58].

In this study, at least five images of cultured cells were acquired per 35 mm cell culture dish. Thus, the total number of images acquired per experimental day, including control (1 dish) and MPP^+^ treated cells (5 dishes) were 30 (i.e. 5 images x 6 dishes). The analysis of FLIM data included a region of interest (ROI) of the cytoplasm of one cell or several cells grouped together, excluding their nuclei. All the pixels in the cytoplasmic region were taken into account in the analysis. For proper fitting, more than 1000 counts of photons per pixel were ensured after binning, and the data were analyzed via pixel-by-pixel. Each set of experimental conditions was performed independently for five experimental days and the results were represented as mean ± standard error of mean (SEM).

Statistical Analysis
====================

A one-way analysis of variance (ANOVA) with least significant difference (LSD) post-hoc analysis was performed to evaluate variance and the significance of differences in fluorescence lifetime components as well as their relative contributions among the control and the MPP^+^ treated cells. The critical p-value for One-way ANOVA with LSD post-hoc analysis was set at 0.05.
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![PC12 cells' response to NGF (nerve growth factor) treatment.\
Differential interference contrast (DIC) microscopy images of (**a**) undifferentiated, and (**b**) differentiated PC12 cells after 200 ng/ml of NGF treatment for three days. The arrows in micrograph (**b**) point to the neuronal-like branching extended from PC12 cells after NGF treatment. Objective: 40x, NA 0.6, air. Scale bar: 20 μm.](srep19145-f1){#f1}

![Micrographs of average NADH fluorescence lifetime.\
Pseudocolor mapping of average fluorescence lifetime (*τ*~*avg*~) of NADH of (**a**) the untreated differentiated PC12 cells, and of the cells treated with (**b**) 50, (**c**) 100, (**d**) 250, (**e**) 500, and (**f**) 1000 μM of MPP^+^. The color bar on the right represents the range of *τ*~*avg*~. Scale bar: 20 μm.](srep19145-f2){#f2}

![Summary of the effect of MPP^+^ on NADH fluorescence lifetime components.\
Average of all the data points (n = 75) from five experimental days of NADH lifetime measurements: (**a**) short, or free (*τ*~1~), (**b**) long, or protein-bound (*τ*~2~), (**c**) average (*τ*~*avg*~) NADH lifetimes, and (**d**) the ratio of the relative contribution of free, and protein-bound NADH (*a*~1~/*a*~2~) for cells treated with different concentrations of MPP^+^. The error bars indicate standard error of the mean (SEM). A one-way ANOVA with LSD-post-hoc analysis was performed to define statistical significance. Statistical significance: \*\*p \< 0.001, for control (0 μM MPP^+^) vs. MPP^+^ treated cells; \#p \< 0.05, \#\#p \< 0.001, for 50 μM MPP^+^ treatment vs. other MPP^+^ treated cells; ^Δ^p \< 0.05, ^ΔΔ^p \< 0.001, for 100 μM MPP^+^ treatment vs. other MPP^+^ treated cells; ^◊^p \< 0.05, ^◊◊^p \< 0.001, for 250 μM MPP^+^ treatment vs. other MPP^+^ treated cells; ^●^p \< 0.05, ^●●^p \< 0.001, for 500 vs. 1000 μM MPP^+^ treatment.](srep19145-f3){#f3}

![Average FAD fluorescence lifetime micrographs.\
Pseudo-color mapping of FAD average fluorescence lifetime (*τ*~*avg*~) at (**a**) 0, (**b**) 50, (**c**) 100, (**d**) 250, (**e**) 500, and (**f**) 1000 μM MPP^+^ treatment of differentiated PC12 cells. The color bar shows the range of the FAD average lifetime. Scale bar: 20 μm.](srep19145-f4){#f4}

![Summary of the effect of MPP^+^ on FAD fluorescence lifetime components.\
Average and SEMs (error bars) of all the 75 data points from all the imaging sessions of five experimental days of fluorescence lifetime mapping: (**a**) short, or protein-bound (*τ*~1~), (**b**) long, or free (*τ*~2~), (**c**) average (*τ*~*avg*~) FAD lifetimes, and (**d**) the ratio of the relative contribution of free, and protein-bound FAD (*a*~2~/*a*~1~) as a function of MPP^+^ concentration. A one-way ANOVA with LSD post-hoc analysis based statistical significance: \*p \< 0.05, \*\*p \< 0.001, for control (0 μM MPP^+^) vs. MPP^+^ treated cells; \#p \< 0.05 for 50 μM MPP^+^ treatment vs. Other MPP^+^ treated cells.](srep19145-f5){#f5}
